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ABSTRACT
Quantum Cascade Lasers (QCLs) are semiconductor devices that, currently, have been
observed to emit radiation from ~ 2.6 μm to 250 μm (1 to 100 terahertz range of frequencies).
They have established themselves as the laser of choice for spectroscopic gas sensing in the midwavelength infrared (3-8 μm) and long-wavelength infrared (8-15 μm) region. In the 4-12 μm
wavelength region, the highest performing QCL devices, in terms of wall-plug efficiency and
continuous wave operation, are indium phosphide (InP) based. The ultimate goal is to incorporate
this InP-based QCL technology to silicon (Si) substrate since most opto-electronics are Si-based.
The main building blocks required for practical QCL-on-Si integrated platforms were
demonstrated and will be covered in this presentation. The experimental results of a 40-stage
indium phosphide based quantum cascade laser grown on a lattice-mismatched germanium-coated
silicon substrate with metamorphic buffer (M-buffer) is discussed. The QCL’s strain-balanced
active region was composed of Al0.78In0.22As/In0.73Ga0.27As and an 8 µm-thick all-InP waveguide.
Since the M-buffer was insulating, the wafer was processed into ridge-waveguide chips with lateral
current injection scheme. Lasing was observed from 78K up to 170K for QCL-on-Si devices.
Also discussed is the first room temperature operation of QCL grown on a lattice-mismatched
gallium arsenide (GaAs) substrate with metamorphic buffer (M-buffer). Similar to QCL-on-Si, a
lateral injection scheme was utilized since M-buffer was insulating. Lasing was observed from
78K up to 303 K for QCL-on-GaAs.
Material characterization of QCL-on-InP, QCL-on-GaAs, and QCL-on-Si using
Transverse Electron Microscopy (TEM) will also be covered in this presentation. A very small
section, 10 µm x 10 µm, of the QCL active region was used to give an estimate of the defect

iii

density for each of the QCL configuration. Lastly, characterization of the material quality of the
remaining 6-inch wafer of QCL-on-Si using photoluminescence spectroscopy (PL) will be
discussed.

This method helped determined the best portion of the remaining material for

subsequent processing into ridge waveguide devices.
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CHAPTER 1: INTRODUCTION
Ever since their first demonstration in 1994 [1], Quantum Cascade Lasers (QCLs) have
slowly entrenched themselves as the standard semiconductor laser source in the mid-infrared
region. This is due to the fact that, unlike diode lasers whose wavelengths are mainly determined
by the material bandgap, ranging from visible to near infrared [2] , the emission wavelength of
QCLs can be vastly engineered from about 3-250 µm depending on the thickness of barrier and
wells composing the laser core heterostructure, and the material system being used. QCL operate
on the principle of quantum confinement of electron wavefunctions within the conduction band
of a heterostructure. It consists of periodic series of thin layers of varying material composition
forming a superlattice. The idea of achieving lasing using intersubband transitions in a repeated
stack of semiconductor multiple quantum well heterostructures (superlattice) was first proposed
in 1972 [3].
The broad coverage of QCL in the 3-14 µm spectral region is very important in the field
of spectroscopy since many trace gases have strong fundamental rotational-vibrational transitions
in this range [4]. Some QCL applications being explored are: range detection of explosive
material with optical spectroscopy [5], infrared countermeasures [6], frequency comb generation
[7], biomedical spectroscopy [8], and medical diagnostics [9].
The complication of III/V compound semiconductor device integration onto latticemismatched substrates usually arises in the domain of silicon-based optoelectronics. It has always
been the objective to combine the advantage of a low cost, large substrate area epi-growth inherent
to the silicon technology with the high speed, imaging, and sensing capabilities of III/V light
emitting devices [10]. QCLs are especially attractive for integration onto low cost substrates.
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The theoretical modulation rate limit of these semiconductor devices are on the order of tens of
GHz [11]. Also, depending on the applied bias, QCL structures can be designed to operate either
as a laser source or as a photodetector [12]. Because of these, they can be used for monolithic
and cross talk-free optical interconnects. As mentioned above, QCLs have already established
themselves as the technology-of-choice in spectroscopy since they cover the fingerprint infrared
spectral region. The validation of frequency comb operation [13] for broad-gain QCLs further
substantiates the possibility of ultra-compact dual comb sensors fully integrated onto a silicon
substrate.

Similarly, ring-cavity surface-emitting QCLs [14-17] can be used for standoff

detection, as pixels for infrared displays, and for infrared illumination.
The primary technical hurdle with monolithic integration of III/V devices onto latticemismatched substrates is the formation of misfit dislocations, which in turn produce threading
dislocations that propagate into the active region. These threading dislocations create nonradiative electron-hole recombination (NRR) centers in p-n junction devices, which limits device
performance and reliability [18] . Since QCLs are unipolar devices [19], the problem of carrier
leakage via mid-gap states is alleviated as their presence leads to carrier depletion in the proximity
of the dislocation rather than to NRR. In this work, we discuss the experimental results of
cryogenic QCLs grown on silicon substrate. But first we will cover the experimental results of
room temperature operation of QCLs monolithically integrated onto a lattice-mismatched GaAs
substrate. This will ultimately springboard the development of monolithic QCL-on-Si platforms
for a wide range of important applications.
Chapter 2 gives an overview on the basic principle of quantum cascade lasers, including
how InP-based QCL are generally grown. Step-by-step wafer processing and experimental results
of InP-based QCLs on GaAs substrate are covered in Chapter 3. The fabrication of QCL-on2

GaAs is an intermediate step from the ultimate goal of QCL-on-Si integration because GaAs is
exactly half the lattice mismatched (3.75%) to InP as that of Si (7.50%). Next, in Chapter 4, we
look at the experimental results of InP-based QCLs on Si substrate. Chapter 5 discusses the
material characterization of the QCL growth by using Transmission Electron Microscopy (TEM)
and photoluminescence (PL). The results of the TEM characterization give insight into the
correlation between defect density with device performance. The result of the PL characterization
allows for the identification of the best portion of the remaining wafer for subsequent processing.
Lastly, Chapter 6 provides a conclusion of the work and future directions of this research.
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CHAPTER 2: BASICS OF QUANTUM CASCADE LASER
Quantum Cascade Lasers (QCLs) operate entirely in the conduction band [20]. This is
the main difference between a QCL and a standard diode laser, which rely on the transition of
electrons from the conduction band to the valence band to emit photons (see Figure 1). A QCL
utilizes bandgap engineering to construct a superlattice of semiconductor materials that leads to
the creation of a potential well structure. Under electrical bias, this well structure is the source of
the laser light. The superlattice is often referred to as the active region of the QCL.

Figure 1: Comparison of lasing scheme for a standard diode laser and a quantum cascade laser.

Section 1: Lasers
LASER is an acronym for light amplification by stimulated emission of radiation [21].
Laser light is created when an incoming photon causes a transition of an electron from an upper
laser energy level to a lower laser level, resulting in the stimulated emission of an identical photon
with identical phase. For this to occur, the incoming photon (and thus the identical outgoing
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photon) must have an energy level equal to the difference of the upper and lower laser energy
levels.
The population of electrons in the upper laser level must be greater than that of the lower
laser level for a net output of laser light to be statistically favorable. This is phenomenon is called
population inversion. Without population inversion, an incoming photon will likely be absorbed
by an electron in a lower laser level, causing a transition to an upper laser level [22].

Section 2: Superlattice
The QCL superlattice is a periodic heterostructure made up of ternary semiconductor
materials forming barriers and wells. Lower bandgap materials (i.e., InGaAs) serve as quantum
wells when adjoining to higher band gap materials (i.e. AlInAs), which serve as barriers. Each
stage, or period, is comprised of an active region and an injector region. The active region’s
purpose is to localize the laser levels within relatively wide quantum wells. The injector region’s
function is to transport electrons out of lower laser level toward the next stage of the superlattice
to maintain population inversion (see Figure 2). QCL devices are driven at a DC bias, giving the
well structure a slope. Electrons transport from the first to last stage of the QCL structure through
tunneling and scattering effects.
Transitions between states occur when the energy difference between states is bridged by
the electron’s absorption or emission of energy to the exact amount of energy difference. In a
QCL, this can be in the form of photons (the quantum of light), phonons (the quantum of collective
vibrational excitation in a periodic structure), or other scattering mechanisms.
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Figure 2: Illustration of the cascading structure of QCL. Active region is where the actual lasing occurs, and
injector region is where the electron is transported to the next stage of the superlattice.

Section 3: Active Region Design
A typical QCL structure is shown in Figure 3. The upper laser level is labeled as 4 and
the lower laser level is labeled as 3. Electrons are injected into level 4, then transition to level 3
via spontaneous or stimulated emission. Level 3 is depopulated via LO phonon scattering. The
level just below state 4 is called the injector (ground) state. Its function is to move the electrons
into the next period of the superlattice. This injector state has high overlap and very close energy
level correspondence with the subsequent level 4. This leads to a high injection efficiency, 𝜂𝑖 ,
which is the probability that electrons from the previous injector state will be injected to the upper
laser level of the next stage and then stimulated into releasing a photon.
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Figure 3: A typical QCL active region design. The thin black line pattern on the the background represent the
potential energy profile experienced by the active region when DC bias is applied. The active region is composed
of a series of barriers (AlInAs) and wells (InGaAs). The wavefunctions produced by the potential are shown as
curves. Relevant states are shown as thick curves. The upper laser level 4 and lower laser level 3 are in red.

Electron injection to the next stage is not guaranteed. It can decay non-radiatively from
the injector to lower levels. Electrons can also escape into continuum, or can transition to higher
energy levels called parasitic states (see level 5 highlighted in Figure 3). Electrons in the parasitic
state are not be able to contribute to the lasing scheme of the 4-3 transition levels. These nonradiative transitions only contribute to heat generation because conversion to photon energy does
not occur.
Voltage defect is the net transition energy from the lower laser level of one stage to the
upper laser level of the next stage. Again, these transitions are non-radiative, therefore energy is
7

released in the form of heat. Voltage defect is crucial for electron transport as it prevents
backscattering of the proceeding upper laser level to the previous lower laser level. Strong
backscattering would occur if there were not enough injector length and energy level difference.

Section 4: Waveguides
Confining light within a small region of space is the main function of optical waveguides.
Using the principle of Snell’s Law, optical wave guiding is accomplished by carefully choosing
materials that has higher refractive index in the region where light is to be confined, and lower
refractive index around the said region. The surrounding materials are often referred to as the
cladding layers. Figure 4 shows the waveguide used for the materials in this thesis.

Figure 4: A schematic of the waveguide used for the devices in this work. The active region is comprised of a
superlattice of indium gallium arsenide and aluminum indium arsenide. The cladding layers are composed of
indium phosphide doped with silicon. The dopants purpose is to carry charge and to modify refractive index.
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The refractive index, 𝑛, is a complex value. The real portion characterizes the phase
velocity whereas the complex portion pertains to the losses associated with travelling through the
waveguide, 𝛼𝑊𝐺 . Below is a summary of the relationship (𝜆0 is the vacuum wavelength of light
and 𝛽 is the propagation constant):
𝑛 = 𝑛′ + 𝑖 𝑛′′

(1)

2𝜋
𝜆0

(2)

𝛽 = 𝑘0 𝑛′

(3)

𝛼𝑊𝐺 = 2𝑘0 𝑛′′

(4)

𝑘0 =

The QCLs discussed in this work are edge-emitting devices that have a Fabry-Perot cavity
configuration. In this case, the waveguide is cleaved to length 𝐿 and the flat facets provide
interfaces for transmission and reflection. Mirror loss is the light lost through transmission at the
facets from the waveguide to some external material. It is also a function of reflection 𝑅:
𝑛 − 𝑛𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 2
𝑅=|
|
𝑛 + 𝑛𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
𝛼𝑀 =

−ln(𝑅1 𝑅2 )
2𝐿

(5)

(6)

For the equation above, 𝑅1 and 𝑅2 refers to reflection at the first and second interfaces of
the Fabry-Perot cavity. For uncoated devices, 𝑛𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is considered as the refractive index of
air, 1. When a highly reflective (HR) coating is applied to a facet, say facet 2, reflection 𝑅2 is
presumed to be 100% or 1.
In semiconductor lasers, the active region is where laser light is generated. Thus this is
the same region where light confinement would be advantageous. Greater confinement of light
9

in the active region encourages more stimulated emission and fewer losses in the cladding regions,
and thus more laser light is generated. With regards to QCL waveguides, the active region
pertains to the whole superlattice structure grown within the cladding layers.

Section 5: Wafer Growth

Strain considerations are taken into account when growing the active region of QCL
structure on semiconductor wafer. Each material has a lattice constant the describes the atomic
spacing of the crystal lattice. When a heterostructure is grown, the mismatched lattice constants
can cause strain on the overall structure. This can lead to deformities, bending, and separation of
layers.
While many devices are grown using metalorganic chemical vapor deposition (MOCVD)
[23], high-performance QCL materials are primarily grown using molecular beam epitaxy (MBE)
[24, 25]. This includes both the superlattice structure and the cladding layers of the waveguide.
MBE is a very slow growth process (<20 nm per minute) where the material targets are heated
such that it sublimates in vacuum onto the target. This very slow and very precise growth is
required for the thinner wells of the active region. MBE growth also requires high or ultra-high
vacuum (10-8 - 10-12 Torr). Lower growth temperature compared to that for MOCVD allows for
abrupt interfaces (lower interdiffusion).
The QCL wafer is grown as a slab waveguide. The ridge-waveguide (RWG) is formed
by chemically wet etching the material away to the bottom of the superlattice. This leaves a ridge
of a designed width with an intact waveguide structure. The sidewall of the cladding layer is
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backfilled with silicon nitride (Si3N4) insulator followed by gold (Au) ohmic contact layer. Laser
chips are then cleaved to size of 3 mm in length (propagation axis) and 400 µm in width.
The cleaved laser chips are initially tested using probes with point contacts. Devices with
good electrical behavior (diode-like voltage characteristic) are then mounted on aluminum nitride
submounts and wire bonded. This device configuration allows for electrical current to flow
evenly across the laser chip, and thus preventing localized heating due to high current density that
can burn the chip from point contacts. This chip-on-carrier device is then baked, using indiumsilver solder (97%In 3%Ag), onto a gold-plated copper heatsink that can be mounted and tested
inside a cryostat.
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CHAPTER 3: INDIUM PHOSPHIDE BASED QUANTUM CASCADE
LASER ON GALLIUM ARSENIDE SUBSTRATE
Section 1: Goal of Monolithic Integration
The overarching goal for the silicon-based III/V optoelectronics is to combine the
advantages of low cost, large substrate area epi-growth inherent to the silicon technology with the
high speed and sensing capability of III/V light emitting devices. Potential defense applications
include integrated platforms for man-portable or UAV-based chemical/biological sensing [26],
environmental monitoring, out-of-band active (hyperspectral) imaging and illumination [27-29],
and others. Figure 5 shows an exemplary ultra-compact infrared display with light-emitting ringcavity pixels defined in the top III/V LED material and an integrated circuit (IC) controlling the
display etched into the silicon substrate.
In this work, we demonstrate some of the main building blocks required for practical InPbased QCL-on-Si integrated platforms. The intermediary step was to develop a monolithic
integration process for InP-based QCL on GaAs substrate. This was done because GaAs is
exactly half the lattice mismatch between InP and Si.

Figure 5: A concept for compact infrared display with III/V pixels defined in the top surface of the composite
wafer and an IC etched into the silicon substrate.
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Section 2: Design and Growth
A QCL structure with emission wavelength of 4.6 µm, a 40-stage laser core, and 8 µmthick, all InP waveguide was grown, using a metamorphic buffer (M-buffer), on a 6-inch GaAs
substrate [30]. The lattice constant of the InP waveguide is 5.86 Å, while the GaAs substrate is
5.65 Å. The active region design is shown in Figure 6. This new design was based on a twomaterial strain-balanced active region composition with a high strain both in quantum wells and
barriers (In0.73Ga0.27As and Al0.78In0.22As, respectively.) One of the major design differences
between the old 5.6 µm [31] and the new 4.6 µm design is that the latter has an increased active
region/injector coupling. This was executed to suppress carrier backscattering to the lower laser
level 3 caused by a tight confinement of the active region energy states located below level 3 in
the 5.6 µm design, as explained in [31] (carrier extraction bottleneck).

Explicitly, this

modification in the design was projected to improve the laser characteristic temperature T0, which
describes the thermal behavior for laser threshold current density. The low value of T0 (~ 140 K)
was one of the main drawbacks of the 5.6 µm design. Unfortunately, this design change also led
to a lower energy spacing E54 for the new 4.6 µm design, ranging from 72 meV to 61 meV in the
bias range from 80kV/cm to 100kV/cm, respectively. This lower value of E54 on the new 4.6 µm
design has significant consequences. Specifically, the observed lower characteristic temperature
T1 (~ 210 K) that describes dependence for laser slope efficiency can be attributed to this.
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Figure 6: Active region used in this work. Band diagram at bias of 100 kV/cm for the new 4.6 µm design based on
Al0.78In0.22As/In0.73Ga0.27As composition. Calculated parameters at rollover: E 54 = 61 meV and voltage defect 170
meV.

The fundamental purpose of the metamorphic buffer (M-buffer) is to accommodate the
lattice mismatch between the substrate and the InP-based QCL structure. The by-product surface
should have low roughness (<20 Å) for processing requirements and device reliability as
elucidated in [10]. Semiconductor alloys like graded InAlAs and InGaAs have been used for
standard production of metamorphic high electron mobility transistor circuits and have passed
full reliability testing [32]. For the wafer used in this work, an InAlAs M-buffer with a linear
grade to a high indium concentration was employed, proceeded by a thinner inverse grade back
to the target device composition [33]. The inverse graded step was utilized to compensate for
residual strain in the epitaxial layer as suggested in [34]. The M-buffer’s total thickness was
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approximately 1.1 µm. In accordance with the data reported in [35], the dislocation density is
expected to be in the order of 109 cm-2 at the epi-structure/substrate interface, and reducing down
to the range of 106 - 107 cm-2 at the top surface of the metamorphic buffer. Both References [36]
and [37] demonstrate that graded InGaAs buffers were considered and used for 3.0 µm to 3.5 µm
QCL structure grown on on GaAs substrates. In spite of that, lasing was not reported in those
works.
The full layer sequence of InP-based QCL on GaAs substrate is shown in Figure 7.

Figure 7: Schematic of the full QCL-on-GaAs structure with actual thickness.
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Section 3: Surface Morphology
The surface morphology of the material growth was inspected using Nomarski optical
contrast microscopy and atomic force microscopy (AFM). Figure 8 exhibits that the M-buffer
grown on GaAs substrate shows a cross-hatch pattern stemming from the continual introduction
of strain and ensuing relaxation through a network of misfit dislocations, a typical characteristic
of this type of graded buffer scheme. The anisotropic nature of the cross-hatching is due to uneven
nucleation and glide properties of the orthogonal dislocations ([38], [39]). Exceptional buffer
growth (see Figure 8a) is validated by the excellent root-mean-square (rms) roughness of 11 Å,
where 20 Å is generally accepted as the figure-of-merit for gauging device reliability [10]. Crosshatching became more evident (see Figure 8b) for the full QCL wafer because of the additional
strain build-up in the active layers, but the rms roughness remained low (11 Å).
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Figure 8: Nomarski optical contrast microscopy (top) and AFM images (bottom) showing cross-hatch surface
morphology with low rms roughness of <20 Å for (a) graded InAlAs M-buffer and (b) full InP-QCL device
structure on GaAs substrates.

Section 4: Processing and Packaging
The conventional way of QCL ridge-waveguide processing utilizes symmetric injection
and extraction of electrical current. The idea is to pass current through the active region in the
vertical direction (from top to bottom or vice versa, depending on the device polarity and how it
is mounted). Because our QCL material was grown with a special insulating metamorphic buffer
between the GaAs substrate and the InP active region, we had to pattern our contact lithography
photomask such that we were able to inject and extract electrical current in a highly asymmetric
scheme (see Figure 9). The current is laterally injected in the active region thru the side metal
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contact, but is vertically extracted (traditional way) through the top metal contact. This is the
technique that was added in our normal QCL processing. The M-buffer’s insulating characteristic
will support an electrically independent integrated circuit to be printed on the substrate side of the
wafer, if needed.
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Figure 9: Step-by-step ridge-waveguide processing of InP-based QCL on GaAs substrate with M-buffer.
(Thicknesses are not drawn to scale)

A small sample size of 2 cm2 was cleaved from the 6-inch, 700 µm-thick QCL-on-GaAs
substrate. The sample was then processed at the CREOL cleanroom and NanoScience facility
(see Figure 9). First, a positive photoresist was applied to the sample wafer. After the 1st
ultraviolet (UV) lithography exposure and photoresist development, the QCL ridges were formed
by wet chemical etching using a mixture of hydrobromic acid (HBr), nitric acid (HNO3) and
deionized water (H2O). The acid mixture had a ratio of 1:1:10 respectively. The sample was
etched to the target depth of 9.5 µm. After wet etching, a 300 nm-thick silicon nitride (Si3N4)
insulator was deposited on the sample wafer using plasma-enhanced chemical vapor deposition
(PECVD) technique.

This was followed by another positive photoresist application on the

patterned sample, 2nd photolithography exposure, and photoresist development. The purpose of
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this 2nd photolithography is to open up the contact window while preserving the rest of the
patterned sample. The contact windows were then opened using Reactive Ion Etch (RIE), a dry
etching technique. Once the contact windows were opened, 3rd photolithography and photoresist
development ensued. The 3rd photolithography was done using negative “lift-off” photoresist,
and its purpose is to form the top metal contact and the streets to isolate individual QCL chips for
cleaving. The top metal contact, consisting of 20 nm of titanium (Ti) and 300 nm of gold (Au),
was then deposited using electron beam (E-beam) evaporation technique. As mentioned earlier,
considering the geometry of the electrical current injection/extraction scheme, the deposition of
this top metallic contact would be enough for both the positive (+) and negative (-) pads to drive
current through the active region. Afterwards, the sample wafer was polished down from 700 µm
to roughly 200 µm-thick to maximize the heat transfer from the QCL active region to the
subsequent device mounting scheme. The bottom (substrate) side of the sample was then
metallized with 20 nm Ti and 300 nm Au using E-beam evaporation (same equipment used to
create the top metal contact). The function of the bottom metallization is for soldering the
individual QCL chips onto aluminum nitride (AlN) submounts in the epitaxial-up mounting
configuration. Once the QCL wafer processing was done (see Figure 10), the sample was cleaved
into individual 3 mm chips using a scribe and break machine (see Figure 11). Devices were then
pre-screened via pulsed testing to determine which ones were promising. Devices with 30 µmwide ridge were mounted epitaxial-side up on 3 mm x 4 mm AlN submount using a die bonder
(see Figure 12), wire bonded (see Figure 13), then high reflection coated. The back facet was
HR-coated to reduce mirror loss of the device. After coating, the chip-on-submount (CoC) device
was soldered onto a gold-coated copper heat spreader (see Figure 14). This was done for ease of
handling and for the purposes of being able to mount it inside a cryostat. The device on heat
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spreader was then placed inside a cryostat for pulsed testing (300 ns width; 10 kHz frequency) in
a wide range of temperature (see Figure 15). Images of fully processed QCL chip taken using
Scanning Electron Microscopy (SEM) shows the active region, etch depth, top metal contact, and
side metal contact for lateral injection of current (see Figure 16).

Figure 10: Fully processed QCL wafer with ridge widths of 20, 30, and 40μm.

Figure 11: Singulated 3mm QCL bare chip.

23

Figure 12: QCL chip mounted epi-up on a 3mm x 4mm submount.

Figure 13: Wirebonded QCL chip on submount.
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Figure 14: QCL device baked onto a copper heatspreader for mounting inside cryostat.

Figure 15: QCL device inside cryostat for testing purposes.
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Figure 16: Scanning electron microscope image of a laser chip processed into a ridge waveguide configuration
with a lateral current injection scheme.

Section 5: Results
The device was tested at liquid nitrogen temperature (~78K) and above. Figure 17 (solid
lines) confers that optical power in excess of 50 mW was measured for the device up to 230 K
(lasing observed all the way up to 270 K or ≈ -3 ˚C). The lasing range was further extended up
to 303 K or ≈ 30 ˚C (dashed lines) by depositing a partial dielectric HR-coating (~ 56%
reflectivity) to the front facet. At 293 K (room temperature, or ~ 20 ˚C), this QCL-on-GaAs
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substrate had threshold current density of 4.1 kA/cm2 and maximum peak power of 15 mW.
Compared to uncoated 3 mm-long device with the same active region design grown on the
standard 2-inch InP substrate, the threshold current density is 1.3 kA/cm2 and the pulsed
efficiency is 20% at 293 K. Throughout the duration of the testing, the same device was subjected
to multiple 78K to 300K thermal cycles and to ~ 200-minute preliminary reliability study (see
inset for Figure 17.) There were no signs of performance degradation detected. It is worth noting
that lasing was attained for the very first structure grown and tested, without screening the whole
wafer for the best portion of the material.

Figure 17: (solid lines) Pulsed optical power vs. current characteristics (300ns; 10kHz) for a 3mm x 30µm device
with an HR-coated back facet. (dashed lines) Pulsed characteristics for the same device after and additional partial
HR-coating (~57%) was deposited on the front (output) facet of the laser. The inset shows preliminary reliability
data for this device collected at 3.5A and 78K. No signs of performance degradation were observed.
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From 78 K to 233 K, the temperature dependence for threshold current and slope
efficiency can be described with characteristic temperatures T0 ≈ 460 K and T1 ≈ 210 K,
respectively. The relatively high value of T0 for this new 4.6 µm design can be attributed to the
increased active region/injector coupling compared to that for the 5.6 µm design reported in [31].
Similarly, the lower value of T1 can be attributed to the smaller value of E54.

Figure 18: Laser spectrum (3.82A) and electroluminescence spectra (2.80A, 3.2A, and 3.4A) collected at 300K.
Step-scan resolution – 16cm-1. EL FWHM at low current was measured to be ~20meV.

The spectrum for the QCL-on-GaAs was taken at set point of 3.82 A and 300 K.
Wavelength was centered at 4.43 µm as can be seen on Figure 18. This is very close to the 4.65
µm central wavelength measured for the same design grown on InP substrate. The subthreshold
electroluminescence (EL) of the same QCL-on-GaAs device, measured in the range from 2.80 A
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to 3.50 A, had a full width at half maximum (FWHM) of about 20 meV. Spectrum narrowing
was noticed when the driving current exceeded 3.60 A because the operational point was moving
closer to the laser threshold (~3.80 A). The fact that there is good agreement between the design
(4.60 µm) and the measured (4.43 µm) emission wavelengths, together with the high value of
characteristic temperature T0 indicate that QCL growth on a lattice-mismatched substrate did not
result to a significant change in the effective band diagram of the active region structure.
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CHAPTER 4: INDIUM PHOSPHIDE BASED QUANTUM CASCADE
LASER ON GERMANIUM COATED SILICON SUBSTRATE
Section 1: Surface Morphology
An InP-based QCL structure was also grown on a 6-inch germanium (Ge) coated silicon
substrate utilizing M-buffers. But unlike the case for GaAs substrate, the surface morphology for
the Si substrate was evaluated with two growth interruptions. The first of such interruption was
after an M-buffer was grown on the Ge-coated Si substrate, and the second was after an additional
2 µm of bulk InP layer was grown on top of the M-buffer plus Ge/Si substrate. Examination of
surface morphology using Nomarski optical contrast microscopy and atomic force microscopy
reveal that an excellent material quality was attained in both cases (see Figure 19a and Figure
19b). Specifically, no additional surface roughness was observed after the additional 2 µm of
bulk InP layer was grown. As a matter of fact, the surface roughness improved from 17 Å to 7 Å
after InP layer was grown. Based on this, we can assume that growth of additional active region
layers with composition lattice-matched to InP are less likely to lead to any degradation in surface
morphology since their presence would not produce any additional mechanical stress. For this
reason, realization of long-wavelength infrared (8-15 µm) QCLs based on the material
composition lattice-matched to InP presents a relatively low technical risk. Although extension
of QCL-on-Si operation to (shorter) mid-wavelength infrared region will necessitate utilizing
strained barriers and quantum wells in the active region, we believe that their realization is also
likely since the overall active region design is strain-compensated.
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Figure 19: Nomarski (top) and AFM images (bottom) showing cross-hatch surface morphology for (a) composite
M-buffer (graded InAlAs + GaAs) on Ge-coated Si substrate, (b) subsequent growth of a 2 µm InP layer, and (c)
region of full InP-QCL device structure..

Section 2: Design and Growth
This work employed the same active region and waveguide QCL designs reported in [40],
which allowed for direct comparison between experimental data for the two structures. The active
region design had Al0.78In0.22As barriers and In0.73Ga0.27As quantum wells, both highly strained
relative to InP bulk waveguide layers surrounding the active region (-2.04 % and 1.34 %,
respectively). The employment of the high strain active region layers increases the band offset,
which improves carrier confinement for MWIR QCLs and, as a consequence, increases material
gain. However, while the active region was designed to have a net zero strain relative to InP, the
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strain of the individual layers plus any residual net strain in the active region can make the InPbased QCL integration onto a lattice-mismatched substrate more challenging.
The QCL epitaxial wafer was produced by IQE. The 150 mm diameter Ge-on-Si substrate
was created by chemical vapor deposition of a 500 nm thick Ge epilayer on Si substrate. Then,
the III-V M-buffer layers and QCL device layers were grown on the Ge-Si substrate using
molecular beam epitaxy (MBE). Off-axis substrates were used to help suppress anti-phase
domain formation originating from polar (III-V) semiconductor on non-polar (Si) semiconductor
growths by promoting bi-atomic steps on the Ge/Si surface [41].
For direct integration of InP-based QCL device structures on Si, we chose a composite
metamorphic buffer consisting of GaAs (approximately 4 % lattice mismatch with Si) and graded
InAlAs (compensating for the additional approximately 4 % lattice mismatch between InP and
GaAs) [40]. A schematic of a composite buffer is shown in Figure 20. The QCL-on-GaAs in
[40] used the exact same graded InAlAs M-buffer and QCL design. Thus, the added complexity
in this current work on the Ge-Si substrate is the GaAs-on-Ge nucleation and the GaAs M-buffer
growth to accommodate the first half of the mismatch strain. The GaAs M-buffer unavoidably
will have some residual strain, so growing the graded M-buffer plus QCL layers on it is not
exactly like growing directly on a GaAs substrate. A full epi-layer sequence grown on the silicon
substrate is shown in Figure 21.
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Figure 20: Schematic of composite M-buffer design that utilizes an inverse step grade for complete compensation
of residual strain. InAlAs composition at the end of the M-buffer is lattice matched to InP.

Figure 21: Schematic of the full QCL-on-Si structure.
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As pointed out earlier, surface morphology of the QCL-on-Si epitaxial wafer was
evaluated at various stages of the epi-stack growth using Nomarski optical contrast microscopy
and atomic force microscopy (AFM), as shown in Figure 19. A good surface morphology with a
relatively low roughness was observed until QCL active region growth was carried out. The
ultimate quality of the QCL-on-Si epitaxial wafer is certainly degraded compared to the QCL-onGaAs wafer of [40], which is not unexpected due to the 2× higher mismatch strain. The highly
strain-compensated QCL design also affects the surface morphology.

Surface areas with

increased defects and/or roughness hurt device performance and yield as described below.
However, there are some clear areas across the wafer where good devices were fabricated.
Upon epi-growth, the wafer was processed into ridge-waveguide devices with lateral
current injection following the processing sequence described in [40]. The processed wafer was
cleaved into 3 mm chips. Finally, the chips were inspected under a high resolution microscope.

Section 3: Results
Chips with a good facet quality were mounted on submounts, wirebonded, high reflection
(HR)-coated, soldered to a heat spreader, and placed in a cryostat for pulsed testing (350 ns; 2
kHz) across a broad temperature range. While lasing was observed for the very first chip tested
at 78 K, overall yield of lasing devices was low (approximately 10%). In addition, in contrast to
the QCL-on-GaAs material, performance for the first two chips that lased showed signs of
degradation after approximately thirty minutes of operation. To minimize testing time and to
reduce the additional stress for the device due to applied bias, power vs current characterization
was done only up to current exceeding threshold by approximately 0.5 A.
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Figure 22 shows that an HR-coated 3 mm x 40 µm device had a threshold current of 2.22
A at 78 K. Corresponding threshold current density of 1.85 kA/cm2 is comparable to that
measured for QCL-on-GaAs chips in the same configuration. At the same time, slope efficiency
was approximately three times lower. The relatively low quality of the QCL-on-Si material and
the relatively low yield of processed devices does not allow for a rigorous analysis of the change
in laser characteristics. Lasing for the tested chip was observed up to approximately 170 K. It is
important to mention here that only a small portion of the overall 6-inch wafer (2 cm2) was
processed into functional devices and a higher laser performance can likely be achieved by
additional material screening.

Figure 22: Pulsed optical power vs. current characteristics for a 3 mm x 40 µm device with an HR-coated back
facet measured in temperature range of 78 K to 170 K. Inset: spectrum measured at 2.40 A and 78 K.
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The inset on Figure 22 shows that emission spectrum was centered essentially at the same
wavelength of 4.35 µm as that for the QCL-on-GaAs material. The latter result is especially
important as it demonstrates that despite the complexity of state-of-the-art QCL structures, an
emission wavelength for a specific active region design can be reproduced for epi-growth on
substrates having a wide range of lattice-mismatch, provided that a proper M-buffer is used for
threading dislocation density control.
The observed correlation between surface morphology and laser yield/reliability for the
two structures suggests that both yield and reliability can be improved by lowering the strain of
the active region layers relative to the bulk InP waveguide layers. As mentioned above, a high
strain composition was used in both cases to achieve a higher material gain. However, a high
MWIR QCL performance can still be achieved employing a much lower strain composition [42].
In addition, the AlInAs/InGaAs composition lattice-matched or nearly lattice-matched to InP is
traditionally used in the LWIR QCL design [43]. Therefore, future work on improvement in
QCL-on-Si performance should include a systematic study on finding an optimal combination of
strain for the active region layers and composition of the M-buffer. Again, a full epi-layer
sequence grown on the silicon substrate is shown in Figure 23, this time showing the actual
thickness of each layer.
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Figure 23: Schematic of the full QCL-on-Si structure with actual thickness.
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CHAPTER 5: MATERIAL CHARACTERIZATION
Section 1: Transmission Electron Microscopy
To investigate the material quality of the molecular beam epitaxy growth of the wafers,
transmission electron microscopy (TEM) was employed. TEM was invented in 1933 by Ernst
Ruska [44]. TEM is the technique of choice for studying crystalline defects and/or defect density
of materials [45]. QCL quantum wells have also been studied using TEM [20, 46-50], including
those utilizing metamorphic buffer [36, 37].
TEM is a very useful tool to image details of materials all the way down to atomic level.
A simple optical microscope has a resolving power given by the Rayleigh criterion [51]:
𝛿=

0.61 𝜆
µ 𝑠𝑖𝑛𝛽

(7)

Where: 𝛿 is the smallest distance that can be resolved, 𝜆 is the wavelength of light (or
other electromagnetic radiation), µ is the refractive index of the viewing medium, and 𝛽 is the
circular aperture diameter (the semi-angle of collection of the magnifying lens).
Equation (7) shows that the shorter the wavelength λ, the smaller the feature size that can
be resolved. In the case of a visible light source, say a green laser with λ= 550 nm, the resolution
will be ~ 300nm if we simplify the calculation and approximate µ sinβ (the numerical aperture)
to be equal to 1. And since each stage of the active region of our QCL structure is only about 40
nm thick, this resolution will not give us any detail on what is happening on the nanostructure of
our material.
On the other hand, the resolution of a TEM can be approximated by a simple formula [52],
(ignoring the inconsistency in units):
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𝜆=

1.22

(8)

√𝐸

Where: 𝜆 is in nm and E is in electron volts (eV)
For a 50 keV electron, this will mean λ ~ 5.5 pm (0.0055 nm), which is several orders of
magnitude better than optical microscope.

This provides the resolving power to properly

investigate the active region of our QCL material.
The QCL samples for TEM imaging were preapred using Focused Ion Beam (FIB). As
the name of the instrument implies, FIB is a technique where highly energetic ions are focused on
the sample for imaging (like SEM) or etching purposes (sputtering) as described in [53]. FIB is
a “destructive way” of probing our QCL wafer since the actual material is being physically
bombarded by ions, unlike photoluminescence spectroscopy which will be discussed in the next
section.
Extremely small samples, approximately 10 µm X 10 µm, were each taken from the three
different wafers (QCL-on-InP, QCL-on-GaAs, QCL-on-Si) using FIB. A step-by-step picture on
how the sample preparation was done is shown in Figure 24. We started with a 1 cm2 material
for each sample. First, platinum is deposited as a protective layer for the underlying sample from
the destructive sputtering of the ion beam. Next, the surrounding material was micro machined
(etched out) in a staircase fashion to be able to access the bottom portion of the sample and free
it up from the remaining portion of the wafer. Afterwards, the remaining material in the vertical
direction, which was providing rigid support to hold the sample in place, was slowly micro
machined. After this point, the sample is held in suspension by the structure just below the
platinum protective layer on two ends along the length of the chip. One of these two supports is
then etched out. This is followed by the tip of the probe being temporarily “soldered” (done by
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deposition) onto the platinum protective layer (to hold the sample in place when the last support
is being etched out). Finally, the last section holding the sample in place is removed. The sample
is now completely free from the surrounding material, and only the probe tip that is attached to
the protective platinum layer is holding the wafer in place.

Figure 24: TEM sample preparation using FIB. (Top Left) Platinum is deposited as protective layer for the
sample. (Top Right) Focused Ion Beam is used to mill through the material in a “staircase” fashion. (Bottom
Left) FIB probe tip is “soldered” to the platinum-covered sample to hold it in place. (Bottom Right) The small
sample to be used for TEM imaging is now completely detached and free from larger portion of the QCL wafer.

The sample is then placed in a TEM sample holder. Figure 25 shows the actual sample,
with scale size, that were used for the TEM imaging of QCL-on-GaAs and QCL-on-Si.
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Figure 25: (Left) shows the actual TEM sample size for the QCL-on-GaAs, while (Right) shows QCL-on-Si.

Once in the TEM sample holder, and using the FIB again, the samples were then “thinnedout” to about 100 nm of total thickness. This extremely thin samples allowed the electrons to
pass thru the actual material as they are being imaged by the TEM. Figure 26 shows the TEM
image of the active region of QCL-on-InP.

41

Figure 26: Images on the left and right shows the active region TEM of QCL-on-InP with 200 nm and 500 nm
scales, respectively. The dark halo on the left image is due to diffraction (the sample is not completely flat).

As expected, the active region of QCL-on-InP is of high quality growth. No obvious
defects or threading dislocations can be seen on the TEM image.
In comparison, the TEM images of QCL-on-Si shows many defects on the active region
of the material (see Figure 27.)
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Figure 27: Images on the left and right shows the active region TEM of QCL-on-Si with 500 nm and 200 nm
scales, respectively. Defects can be clearly seen on the sample.

Figure 28 shows how the M-Buffer of the QCL-on-Si prevents the threading dislocations
in reaching the active region. This is done by “recycling” the defects such that it loops-back to
itself, instead of propagating vertically towards the active region of the laser material.
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Figure 28: Zoomed out TEM images of QCL-on-Si showing how the M-Buffer prevents the defects from reaching
the active region.

Although the sample sizes are small (~100 µm2) for all three different wafers, the TEM
images can provide an estimate of the defect density of each material by extrapolation. Multiple
TEM images of each sample were taken, then stitched together to count all the visible defects.
Figure 29, Figure 30, and Figure 31 show how we tiled the TEM images together, counted, and
estimated the defect density of QCL-on-InP, QCL-on-GaAs, and QCL-on-Si based on a 100 µm2
sample size.

As expected, QCL-on-InP has the least amount of defect density (1.6x107

defects/cm2), followed by QCL-on-GaAs (5.5x107 defects/cm2), and QCL-on-Si (7.1x107
defects/cm2).

This data suggests that the defect density is directly correlated to device

performance. So for QCL-on-Si, defect density needs to be reduced in order to achieve better
performing devices. This can be done by thermal annealing [54]. We also believe that utilizing
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a strain-free active region design in longer wavelength can help with the device performance for
QCL-on-Si.

Figure 29: Defect density counting for QCL-on-InP by stitching several TEM images and extrapolating (1.6x10 7
defects/cm2.)
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Figure 30: Defect density counting for QCL-on-GaAs by stitching several TEM images and extrapolating (5.5x107
defects/cm2.)

Figure 31: Defect density counting for QCL-on-Si by stitching several TEM images and extrapolating (7.1x10 7
defects/cm2).
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Section 2: Photoluminescence
To further investigate the material quality of the remaining portion of the 6-inch QCL-onSi wafer, photoluminescence (PL) was used. Unlike TEM, PL offers several advantages in terms
of analyzing material quality: it is non-contact and non-destructive, measurements can be done
on wafer level (there is no need to break sample and prep them to fit into a TEM sample holder),
micron level resolution (a larger area of material can be analyzed at once), qualitative depth
information gives composition of various epitaxial material, technique and operation are simple
to learn and operate, and it has wide spectral range from ultraviolet to far infrared. Figure 32
(taken from [55]) summarizes the semiconductor properties that can be characterized using PL.

Figure 32: Summary of semiconductor properties that can be characterized using PL.
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Luminescence is the phenomenon where light is emitted from matter. There are different
ways of exciting matter to give off light. Photoluminescence is when a light source is used to
excite matter for subsequent emission of light from that same matter. The energy or color of this
emitted light serves as finger print because it will have the same energy level as the bandgap of
that material. Figure 33 shows the schematic of the basic principle of photoluminescence.

Figure 33: Photoluminescence phenomenon: (Top Left) monochromatic light of certain energy gets absorbed by
the material, (Top Right) if the absorbed energy is greater than the bandgap, it could cause electrons from valence
band to jump to conduction band, photoexcitation, (Bottom) when the electron-hole pair recombines, there will be a
subsequent re-radiation of light whose energy is equal to the bandgap.
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Photoluminescence results from electronic transitions in matter [56]. Typically, valence
electron absorbs excitation photon and transitions to conduction band, creating electron-hole pair
(photoexcitation).

Some electron-hole pair recombination results in radiative emission

(luminescence). Relaxation to ground state can also happen via intermediate energy states
(midgap states) thereby probing material band structure including defect states.
Photoluminescence has been used to study defects in InP material [57, 58], dislocations
[59, 60], InP grown on Si substrates [61], and other material study of defects [62] and threading
dislocations [63]. It has also been used to study the superlattice of QCL [64]. Some PL equipment
are even equipped to map out the material quality of a full wafer via scanning [65], and even
measure decay times of exciton if it has the time-resolved capability (Time-Resolved PL) [66].
Our PL measurement was carried out using a basic Horiba LabRAM HR Evolution Raman
Spectrometer (no wafer scanning and no time-resolved capability). A 1mW green laser beam (λ=
532 nm, which corresponds to excitation energy of 2.33 eV) was used to probe the top layer of
our wafer (see Figure 34 for a schematic).
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Figure 34: Using PL to scan the material quality of the top layer of the QCL-on-Si , and determine the best
remaining portion of the wafer.

The penetration depth of the green laser into the material was calculated using Beer’s Law:
𝐼(𝑧) = 𝐼(0)𝑒 −𝛼𝑧

(9)

Where: 𝐼(𝑧) is the intensity at any given distance/depth 𝑧, 𝐼(0) is the initial intensity, and
𝛼 is the absorption coefficient that is a function of wavelength (λ), 532 nm in this case.
Figure 35 and Figure 36, taken from [67] and [68], show the absorption coefficients at
300 K of both In0.53Ga0.47As and InP, respectively. By digitizing the plot, it is found that
excitation energy of 2.33 eV (532 nm) corresponds to α = 2.23x105 cm-1 for In0.53Ga0.47As and α
= 1.09x105 cm-1 for InP. Using Beer’s Law, this means that our laser intensity is only ~ 12 µW
as we go below the 200 nm cap layer of In0.53Ga0.47As and into the silicon-doped InP layer.
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Figure 35: In0.53Ga0.47As absorption coefficient versus photon energy, 300K.

Figure 36: InP absorption coefficient versus photon energy, 300K.
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Due to limitation of equipment (no cryo measurement capability, CCD detector only, no
motorized x-y stage, no time-resolved PL to measure decay lifetime of material), only room
temperature PL were performed on the remaining QCL-on-Si wafer, and the only peak that can
be detected by our detector was the InP peak (see Figure 37), which is at 1.45 eV for silicondoped (8x1018cm-3) InP material [69].

Figure 37: PL peak intensity of Si-doped InP QCL on Si substrate.

The remaining 6” was subdivided into sections of 1 inch2 area, and each section is scanned
at 9 different locations (see Figure 38 for scanning scheme).
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Figure 38: (Left) Remaining QCL-on-Si wafer was subdivided into 1 square-inch, sections ((Right) Each 1 inch2
section was PL scanned for InP material quality at 9 different locations (labeled A thru I).

As pointed out, the only PL measurement that can be performed on our wafer is to measure
the peak intensity of the Si-doped InP and compare that to the reading on the other portions of the
wafer. Using green laser beam (λ= 532 nm) and 100X microscope objective (Numerical Aperture,
NA = 0.90), our beam spot size on the wafer is calculated using [70]:
𝐿𝑎𝑠𝑒𝑟 𝑆𝑝𝑜𝑡 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =

1.22𝜆
= 721 𝑛𝑚
𝑁𝐴

(10)

A laser beam that is partially out of focus on the wafer can have an artificial
increase/decrease on the peak intensity of the PL data. To ensure that the data collected is a
reliable comparison of the quality of the InP intensity peak, the laser beam was checked before
and after each scan. Scans where the laser focus wandered during the duration of the scan were
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repeated. This was done so until to all scans represent a fully focused laser beam before and after
measurement. The results of these scans (16 sections of 1 square-inch each, and each section had
9 scans) are shown in Figure 39.
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Figure 39: InP peak PL scans of remaining portion of 6” QCL-on-Si wafer.

After performing PL scans on all 16 sections of the wafer, the data was analyzed by bestfitting each measurement using a Gaussian function to determine the peak intensity and full-width
at half-maximum (FWHM). A sample of this data analysis / curve fitting is shown in Figure 40.
Once the 9 intensity peaks and FWHM were determined for each 1 inch2 section of the wafer, the
average of the 9 values were then obtained and tabulated (see Figure 41). There is a noticable
difference in the average PL peak intensities of each 1” section of material, but not in the pulse
shape or FWHM. Based on the work cited in Reference [60], dislocations are often suspected to
cause non-radiative transitions. They investigated the effects of dislocations on the radiative
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recombination of electron-hole pairs in InP by using photoluminescence. Their study showed
that the PL spectrum of InP has higher peak intensity when they are scanning outside of a
dislocation, and lower peak intensity when they are scanning inside a dislocation, even though
the spectral shape remain unchanged for both cases. Their explanation for this reduction in
intensity is due to the internal quantum efficiency given by [71]:
𝜂𝑖 =

1

(11)

𝜏𝑟
(1 +
)
𝜏𝑛𝑟

Where: 𝜏𝑟 denotes the radiative lifetime and 𝜏𝑛𝑟 the nonradiative lifetime
The optical efficiency is the probability that a created photon can leave the bulk of the
sample.

This probability is determined by the difference of the refractive indices of the

semiconductor and the surrounding medium. The mechanical stress field around a dislocation
yields a spatial modulation of the refractive index so that the optical efficiency and therefore the
luminescence intensity could be reduced around the dislocation.
From this, we can concluded that higher PL peak intensity means fewer dislocations
(better material quality), and lower PL peak intensity means more dislocations. So the InP PL
peak intensity is the criterion to use to qualitatively say that section 4 is the best portion of our
remaining wafer. Section 4 has the highest average InP photoluminescence peak (see Figure 42).
So this will be the section of the material that should be used on the next processing run.

58

Figure 40: Gaussian fit of PL data to determine peak intensity (amplitude A) of each measurement.

Figure 41: Table of measured PL peak intensity and Full-Width at Half-Maximum of Si-doped InP QCL on Si
substrate (Green section has highest average peak intensity. Red section has lowest average peak intensity).
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Figure 42: The best square-inch section of material from the remaining QCL-on-Si wafer, based on average PL
peak intensity.

To summarize, the TEM and laser characterization data suggest that defect density for
QCL-on-Si material needs to be reduced down to approximately 5.5x107 defects/cm2 to achieve
room temperature operation similar to QCL-on-GaAs. In addition to improving the M-buffer,
according to AFM data, a lattice-matched active region composition can be used to reduce defect
density. Also, the PL data suggest that material quality is non-uniform across the first QCL-onSi wafer. In addition, PL data also suggest that it is likely possible to improve QCL-on-Si
performance by processing a sample with the highest average PL peak intensity into functional
devices.
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CHAPTER 6: CONCLUSIONS
The very first InP-based QCL grown on germanium coated Si wafer via III-V M-buffer
was demonstrated and reported [72]. Lasing from 78 K up to 170 K was observed. Devices with
3 mm x 40 µm dimensions and HR-coated back facets were tested. The presented data suggest
that the observed low yield and reliability can be both improved by reducing strain of the active
region layer relative to the bulk InP waveguide layers surrounding the active region. It is worth
mentioning that another research group was able to make antimonide Sb-based QCL-on-Si to lase
at room temperature [73]. The reported is an Sb-based QCL in the long-wave infrared region (λ
~ 11 µm), while ours is InP-based and in the mid-wave infrared region (λ ~ 4.6 µm).
The very first room temperature operation for QCL (any type of QCL) monolithically
grown on lattice-mismatched substrate was demonstrated by our research group [30]. For QCL
grown on GaAs substrate, utilizing M-buffer scheme, lasing from cryogenic temperature (78 K)
up to 230 K was observed for a 3mm x 30 µm device with HR-coated back facet. Lasing was
extended above room temperature (30 °C) by applying additional partial HR coating to the front
facet. No power degradation was detected after 200 minutes of short-term burn-in. The measured
characteristic temperatures are in the proximity of typical values reported for traditional QCLs
grown on InP substrates. Analyses of surface morphology using AFM and optical microscopy
suggest that a higher material quality, and thus higher laser performance, is achievable by
lowering the strain of the active region layers.
The emission wavelength of both wafers, QCL-on-GaAs and QCL-on-Si, were very close
to its designed value (QCL-on-InP). This is very important because it shows the reproducibility
of the target wavelength even though the QCL structure is grown on lattice-mismatched
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substrates. This is possible provided that a proper M-buffer is used for threading dislocation
density control.
The quality of the growth of the laser materials were characterized via transmission
electron microscopy (TEM) and photoluminescence (PL). By counting the defect density of each
wafer grown, the TEM data shows a very good explanation on why the performance of QCL-onGaAs performed much better than QCL-on-Si. Also, PL data has identified the best portion of
the wafer where subsequent processing run should be done.
This work has demonstrated some of the main building blocks necessary for practical
QCL-on-Si integrated platforms. Figure 43 shows a possible application of QCL-on-Si, where a
compact bi-functional QCL (QC laser / detector unit) can be grown on silicon substrate. These
bi-functional devices are currently known to have watt-level continuous-wave emission [74], and
high performance QC L/D devices (InP based) have been demonstrated [75].
Future work should include PL mapping of the entire wafer using CCD and InGaAs array
detectors (to extend PL scan range down to 0.6 eV to see peaks of cap layer) using automated xy stage and scanning software. This will allow a better understanding of the quality of the top
two layers of our QCL material, namely InGaAs cap layer and InP top cladding layer. Growing
longer wavelength QCL on Ge-coated Si substrate should also be explored. By utilizing strain
free active region design for longer wavelengths, we believe that we can improve the device
performance and that we will achieve higher yield and reliability.

When successfully

implemented, this will set a new research and development direction for Si-based photonics and
will pave the way for the development of ultra-compact infrared displays, sensors, beacons,
illuminators, and other infrared platforms with game changing characteristics for critical
Department of Defense applications.
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Figure 43: Schematic of a concept monolithic QC laser / detector unit (bi-functional
QCLs) on silicon substrate.
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